Abstract: A charge equalisation circuit is proposed for the series-connected battery bank in a serial charging scheme. The charge equalisation is based on buck-boost conversion, and hence is essentially nondissipative. The subcircuit associated with each battery acts as a current diverter to transfer the excess charging current from the fully charged batteries to the flat ones. By dynamic redistribution of charging energy, charge equalisation can be achieved more quickly and efficiently. The applicability of this approach is confirmed by experiments.
Introduction
With increasing concern about air pollution, especially in urban areas, CO 2 emission from automobiles is considered to be a major cause. Therefore cars that use non-fossil fuels are at an advantage, and electric vehicles (EVs) form the most established and important alternative. Electric vehicles are usually powered by rechargeable secondary batteries, more specifically, by a bank of series-connected batteries because the required voltages of EVs are generally much higher than the voltage level of a single battery [1] . Since batteries play an important role in EVs, efficient and harmless battery charging is a major research issue. Efficient charging reduces charging time and extends the vehicle mileage, while harmless charging prolongs battery cycle life and achieves lower battery operating cost. For convenience, the batteries in the bank are treated as a whole and therefore have to be charged in series by a single power source.
Due to complicated electrochemical reactions, battery performance is very sensitive to the environmental temperature, the charging/discharge profile, and the state of charge (SOC). In practice, it's difficult to make all conditions identical for all the batteries under operation. Consequently, the restored capacities of the batteries in a bank may not be the same during the charge/discharge process even though the same current flows through each battery. The ends of the charging and discharging processes become indefinite due to imbalance among the batteries. If the charging process is not well controlled, some batteries may be excessively refilled while others may not be charged sufficiently. On the other hand, some batteries may be excessively discharged at the end of an operating cycle. The imbalance tends to be magnified through repeated charging and discharging.
Studies concerning the battery life suffering from unbalanced charging have been conducted [2] . To prolong the battery cycle life and improve charging efficiency, it is recommended that all batteries in the bank should be equally charged before ending the charging process. Many techniques have been developed for charge equalisation. Switched capacitors are used in [3] to transfer charges among unbalanced batteries. In [4, 5] a transformer with multiple output windings is adopted to provide the same charging voltage on each battery. Alternatively, charge equalisation can be effectively executed by utilising a set of power converters, or a power converter with multiple outputs, to recirculate the excess energy to the common bus or other batteries [6] [7] [8] .
A charge equalisation circuit for balance charging is proposed which makes use of buck-boost converters in a simple configuration and is essentially nondissipative. The batteries are dynamically balanced by transferring the excess energy from the fuller batteries to the other empty ones. This performs charge equalisation more efficiently with less circuit losses. All the battery voltages are monitored and the charge equalisation mechanism is applied throughout the entire charging process. The control algorithm is implemented digitally with a single chip microprocessor to achieve flexibility and extendibility. Figure 1 shows the proposed charge-equalising circuit. The battery bank with N batteries connected in series is charged by a single power source. The main charger is represented by a constant-current source I ch . Each battery in the seriesconnected battery bank is shunted with a charge equalisation subcircuit. The subcircuits are basically buck-boost converters. All the subcircuits are identical to each other except the subcircuit M 1 associated with the battery B 1 . The subcircuits M 2 to M N are activated to divert the excessive energy from the corresponding batteries to the upstream batteries, while M 1 diverts the excessive current into the downstream batteries.
Circuit operation
The operation of the charge equalisation circuit is described by two illustrative cases. Figure 2 shows the case of activating the bottom subcircuit M N . During the turn-on period of S N , the buck-boost converter draws a current from battery B N to the inductor L N . When S N is turned off, the current in L N flows through the upstream batteries B 1 , B 2 ,yB NÀ1 . In this transfer process, energy is taken from B N , which has greater restored energy, and redistributed to other batteries. The redistribution of energy reduces the differences of SOC among the batteries.
The operation of subcircuits M 2 to M NÀ1 is similar to that of M N , while the power-transfer path of M 1 is different from the others. Figure 3 shows the operation of subcircuit M 1 . Once the active power switch S 1 in the subcircuit M 1 is turned on, M 1 withdraws current from the battery B 1 , and then transfers it to the downstream batteries when S 1 is turned off. Figure 4 shows the relevant waveforms of the charge equalisation circuit. In the illustrated case, the seriesconnected batteries are charged by a constant current I ch , and one of the subcircuits M n is activated. To reduce the switching losses of the active power switches, all the subcircuits are operated in discontinuous current mode (DCM). With DCM operation, the active power switches suffer only one battery voltage when being switched off. Generally the voltage difference among batteries will be within a small range as compared with the nominal battery voltage. Hence, a unified voltage level V B is specified for all batteries in the circuit analysis. During the turn-on interval, the corresponding active power switch S n draws a current from the battery to the inductor. The inductor current increases linearly and reaches its peak at the instant of switching off
where T s is the switching period and D n is duty ratio of M n . With buck-boost conversion, only the rising part of the inductor current is carried by S n . The average current I dis,n dispensed from the battery in one switching cycle can be expressed as
When S n is turned off the inductor current decreases linearly. The decreasing rate depends on the voltage imposed on it. For the subcircuits M 2 to M N the voltages are the summations of the upstream batteries. On the other hand, the serial voltage of the downstream batteries is imposed on the inductor if M 1 is activated. Then the average current released from an activated subcircuit M n can be expressed as
Consequently, for a battery, B m the total current obtained from other activated subcircuits can be obtained as
Control algorithm
The charge equalisation circuit is controlled by a pulsewidth-modulation (PWM) controller which is digitally implemented with a single-chip microprocessor.
Even though the open-circuit voltage method is more precise as an indication of the SOC of a battery [9] , it is not applicable to real-time applications. To estimate the SOC of a battery when being charged, the loaded voltage method is adopted. The relationship between the load voltage and the SOC is shown in Fig. 5 where S is the SOC and V is the loaded battery voltage. As charging proceeds, the loaded voltages of the batteries are sequentially monitored via a multiplexer and then transformed into digital signals by an analogue-to-digital converter. These digital signals are translated into SOC by (5) . The control algorithm of the microprocessor is explained by the flow chart in Fig. 6 . Each control cycle is divided into two phases, the voltage-detecting phase and the chargeequalisation phase, lasting for durations T vdp and T cep , respectively. During the voltage-detecting phase, all subcircuits stop. Only the charging current from the main charger flows through the battery bank. All the battery voltages are detected and the duty ratios for the activated subcircuits calculated. In the charge-equalisation phase the active power switches of the subcircuits are operated with the duty ratios calculated in the previous voltage-detecting phase. The charging currents injected into batteries in this phase are with abrupt change and are different to each other. Therefore the battery voltage cannot be an applicable index for estimating the SOC of the batteries. During the voltage-detecting phase all batteries are equally charged by a current. Due to the inertia of battery reactions, the battery voltages become stable after a period of constant-current charging. The measuring of battery voltages should be executed as late as possible. For this reason, the controller idles for a period T vdp , and measures the battery voltage at the end of the voltage-detecting phase. By transforming the battery voltages measured at the end of the voltage-detecting phase to SOC, the restored capacity Q est,n for each battery B n can be estimated.
During the charge-equalisation phase the injected charge from the main charger into each battery is I ch T cep . To make the restored capacity on each battery equal at the end of charge-equalisation phase, the target equalised charge Q tar should be:
As indicated in (3) and (4), the charge transferences between activated subcircuits and other batteries are mutually influenced. Therefore the charge to be given or received cannot be calculated by a plain equation. The Gauss-Seidel iteration method is applied to solve this problem [10] . The expected restored capacity Q n can be calculated as
The control objective is to make the restored capacity of each battery equal to Q tar , that is, (6) and (7) should be equal. By substituting (2)- (4) into (6) and (7), the duty ratio settings can be obtained.
The iteration procedure is illustrated by Fig. 7 . By (8), the Gauss-Seidel iteration method is applied to solve the duty ratio of each subcircuit, until the maximum duty ratio deviation between two subsequent steps is smaller than the preset threshold, e.
Experimental results
A laboratory circuit for charge equalisation was built to verify the applicability of the proposed approach. The battery bank to be charged consists of four series-connected batteries. The primary parameters are listed in Table 1 . In applications where a higher voltage with more seriesconnected batteries is required, a multiplexer with more input ports is necessary for monitoring battery voltages.
Figures 8 and 9 show the waveforms of battery currents for two operating cases. In Fig. 8 , the subcircuit M 3 is activated. When the switch S 3 is turned on, the current flowing into battery B 3 declines linearly. The upstream batteries B 1 and B 2 are excessively injected when S 3 is turned off. Figure 9 shows the case that subcircuits M 2 and M 4 are operated with the duty ratios of 0.4 and 0.2, respectively.
An experiment of balance charging was carried out by deliberately setting the batteries at different SOC. At the beginning, the loaded voltages from B 1 to B 4 are 12.87, 13.53, 13.11, and 13.95 V, respectively. Figure 10 shows the continuously recorded battery voltages. During the chargeequalisation phases, the battery voltages fluctuate drastically and the battery currents differ from each other. During the voltage-detecting phases, all batteries are charged by the same charging current. Figure 11 depicts the loaded voltages at the ends of these phases. All the voltages come up to their final values with slight differences. This indicates that they have approximately the same SOC. Charge equalisation is a major issue in charging seriesconnected batteries. It concerns the efficiency of the charging process and the prolongation of battery lifetime. A balance charging technique has been proposed for this purpose. The proposed circuit performs charge equalisation dynamically, and thus can reach the balanced state more efficiently. The control can be executed offline or dynamically over the charging period. This will make the batteries reach charge equalisation earlier, or at least decrease the differences in SOC. Experimental results manifest the effectiveness of this circuit.
The charge equalisation circuit makes use of DC-DC buck-boost conversion, which is simpler than the previous nondissipative approaches. All buck-boost converters in the charge equalisation circuits are operated under a battery voltage. With such a low voltage stress on circuit components the circuit losses can be greatly reduced. The charge equalisation circuit is composed of the corresponding number of subcircuits. Except for the topmost one, all the subcircuits are identical; therefore it is easy to extend the battery number in the bank. 
